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Abstract 
A novel ground source heat pump heating system with air seasonal heat storage (GSHPASHS) is described. This is 
followed by reporting the development of a simplified mathematical model for the system. The operational 
performances of the GSHPASHS system applied in a house of 120m2 building area in Harbin (N45.75°, E126.77°) 
have been investigated by simulation. The results show that the system can meet the heating space needs of the 
building. The air seasonal thermal storage can raise the soil temperature around the ground heat exchanger to a higher 
level, which is favorable for increasing the coefficient of performance of the heat pump.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
In severe cold area, if ground source heat pump (GSHP) system is used for heating space, the soil 
temperature will decrease gradually around the ground heat exchanger (GHE) due to the much large 
heating load in winter, which can lead to the drop of the heat pump performance year by year. Therefore, 
the GSHP heating system must be integrated with other heat source to operate in severe cold area. The 
solar energy as the heat source of the seasonal heat storage has attracted much attention [1-4]. Despite 
that solar is a kind of pollution-free and renewable energy, whose collection and storage are still limited 
by location, climate and collector installation. Because there is a three-month heat wave from June to 
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August in severe cold area, the energy of the outdoor air could be instead of solar as the heat source.  
Nomenclature 
d
        
U-tube diameter(m) 
l
          
side length of square tube (m) 
C
        
heat capacity per unit volume(W/m3)
h
         
convection heat transfer coefficient (W/(m2.k)) 
q         heat transfer rate of GHE per unit buried depth (W/m) 
T          temperature (℃)
u          velocity (m/s)  
x1         grid length at first floor (m) 
V          volume flow rate (m3/s)
R           rate between minimum and maximum heat capacity 
LQ       transient heat load of room (W) 
Q        heat exchange rate (W) 
φ           heat  exchange (GJ) 
P           electricity consumption (W) 
W           electricity consumption (GJ) 
pc          specific heat [J/(kg K)] 
H            depth of GHE (m) 
Greek symbols 
δ
          
wall thickness of U-tube (m) 
λ         thermal conductivity (W/(m.k)) 
τ            time (s)      
ρ           density(kg/m3)
Subscripts
w          outside 
n           inside 
b           tube wall 
a           air 
f            heat-transfer fluid 
s           soil  
sr1        node at first floor 
o           initial 
fan        fan coil 
co         outlet fluid temperature of condenser 
eo         outlet fluid temperature of evaporator 
in          inlet  
r            room 
hp          heat pump  
si           injecting into soil 
se          extracting from soil 
a1, a2, a3, b1, b2, b3         curve-fit coefficients  
Therefore, a novel ground source heat pump heating system with air seasonal heat storage 
(GSHPASHS) is presented in this paper. The schematic diagram of GSHPASHS system is shown in Fig.1. 
In summer, outdoor air heat is transferred to the soil by the heat transfer fluid in the GHE. If the indoor 
FCU runs, the redundant heat of the room could be moved into the soil for space cooling, too. In winter, 
heat pump extracted the heat from the soil for heating space. 
Fig. 1. Schematic diagram of the GSHPASHS heating system,     Fig. 2. Schematic diagram of the GHE model 
2. Mathematical model of the system  
In this paper, the underground quasi three-dimensional heat transfer model was developed using 
equivalent single pipe with square cross section instead of U-tube, as shown in Fig.2. The size of the 
square tube can be calculated by 
2n n
l d
π= ， 2w nl l δ= + (1)
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The controllable equation of the soil takes the following form 
2 2
2 2
( , , ) ( , , ) ( , , )s s s
s s
T x y T x y T x y
C
x y
τ τ τλτ
⎛ ⎞∂ ∂ ∂= +⎜ ⎟∂ ∂ ∂⎝ ⎠
                                                                         (2)
The controllable equation of the heat transfer fluid in GHE is given by 
( )2
( , ) ( , ) 4f f
f f
f n w
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z C l l
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Based on NTUε − method [5], the controllable equation of the air exchanger takes the following form 
                              0.22 0.78
1
1 exp ( )[exp[ ( )] 1NTU R NTU
R
ε ⎧ ⎫= − − −⎨ ⎬⎩ ⎭                                                                  (5)
min( ) ( )fan ain finQ C V T Tε= ⋅ ⋅ −                                                                                              (6)
To simplify the numerical solution, the characteristic of heat pump unit are expressed by the fitted 
equations from the manufacture’s sample data, the heating capacity of heat pump and consumption of 
electricity are respectively calculated by 
1 2 3hp eo coQ a a T a T= + +                                                                                                (7)
1 2 3hp eo coP b b T b T= + +                                                                                                      (8)
The indoor temperature variation can be computed by  
r hp L
dT
C Q Q
dτ = −                                                                                                          (9)
During the operation period, the models of the heat exchangers are connected by the heat transfer fluid. 
When the system is shut down, the fluid flow stops and the soil temperature enters into the recovery stage. 
Start/stop of the system is carried out based on the indoor temperature control range. 
In this paper, there are two coefficients to evaluate the heating performance of the GSHPASHS heating 
system, which are the coefficient of performance of the heat pump (COP) and the annual coefficient of 
performance of the system (ACOP), respectively. They are written as follows 
hp
hp
COP
W
φ=                                                                                                     (10)
hpACOP
W
φ= ∑                                                                                                  (11) 
3. Example simulation results and discussions 
It was assumed that a GSHPASHS system supplies heat to a single-floor building in Harbin (China), 
which has a total floor area of 120 m2 (15 8m m× ). Two line-pipes were set up symmetrically in front and 
back of the building. There were 4 boreholes in a line with the tube spacing of 3m. To prevent the fluid in 
GHE from icing up in winter, the water/antifreeze mixture-ethylene glycol solution of 25 volume percent 
was used as the heat carrier. The main simulation parameters are shown in Table 1. The results of heating 
space are listed in Table 2, and the system performance in the second year is shown in Figs. 3–5. 
As can be seen from Table 2, the soil temperature around the GHE before heating space was improved 
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about 1℃ by the heat storage, which made the heat pump have a larger COP. From the table 2, it also can 
be seen that the soil temperature can’t recover fully in a year due to the much larger heat extracted in 
winter, the heating performance of the system dropped slightly, and the average annual COP decrease was 
less than 1‰, which is too slight to be taken into account. Therefore, the results indicated that the system 
can operate efficiently for long term in the severe cold area. 
Table 1. Simulation conditions for GSHPASTS system 
/n wd d 0.0265m /0.0325 m H 50 m Outdoor fan coil  (n, aV , fV , P ) 6,680m
3/s, 0.63m3/s, 60W 
pλ 0.35 W/(m K) 0T 8℃ Indoor fan coil  (n, aV , fV , P ) 4,350m3/s, 0.33m3/s, 35W 
sλ 1.5 W/(m K) pfc 3717 J/(kg K) The power of circulating pump 125W 
sρ 2125 kg/m3 fρ 1039 kg/m3 Heat pump(a1,a2,a3, b1,b2,b3) 8.9493, 0.1729, 0.0705,  0.0587, 0.0018, 0.0376 
psc 1800 J/(kg K) fλ 0.469 W/(m K) Heat storage period Jun. 1 to Aug. 31 
min max/T T 18℃/19℃ 1 2/τ τ 8:00~20:00 Heating period Oct.15 to Apr.15 
Table2. Simulation results   
Heat storage stage Heating stage 
Time 
0 1srT (℃) siφ (GJ) siq (W/m) 0 1srT (℃) seφ (GJ) seq (W/m) hpφ (GJ) hpW (GJ) 
COP ACOP  
1st year 8.00 36.55 15.77 8.95 40.48 9.92 53.89 13.39 4.024 2.922 
2nd year 7.63 37.16 16.03 8.81 40.47 9.89 53.89 13.40 4.021 2.919 
3rd year 7.55 37.35 16.11 8.74 40.45 9.87 53.89 13.42 4.017 2.917 
Fig.3 shows the daily variations of heat load and indoor temperature during the heating period, and it is 
clearly seen that the average indoor temperature was almost in the control range except for some days in 
the initial and latter heating periods. Obviously, the indoor temperature control played an important role 
in the heating system performance, which ensured the indoor temperature comfort and reduced the 
electric consumption due to the intermittent operation. The maximum heat load appeared in the middle 
heating period, with a value of 6.13 kW，while the corresponding indoor temperature is 18.36℃。As a 
result, the GSHPASHS heating system can meet the heating space requirements well under the correct 
control of the indoor temperature, and realize further energy-saving. 
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Fig.3. Daily average heat load and indoor temperature，        Fig4. Histogram of monthly heat injection and heat extraction 
Fig.4 gives the monthly heat exchanges with the soil for the whole year. As shown in the figure, the 
3787Shu Zhang et al. / Procedia Engineering 29 (2012) 3783 – 3787 Author name / Pr ce i  i eeri  00 (2011) 000–000 5
monthly heat charged in the heat storage period is larger, and the value of 13.65GJ in July was the largest. 
In the heating period, the heat extracted increased with the increase of the heat load, the maximum value 
of 10.81GJ appeared in January. From the figure, it can be seen that the total heat injected was equivalent 
with the total heat extracted in a year, the soil thermal balance in a whole year could be realized.  
Fig.5 shows the heating behavior of the system in heating period. In the condenser side,  the inlet and 
outlet temperature varies slightly, and the outlet temperature was above 41℃，which indicated the 
heating performance of the heat pump is very stable. In the evaporator side, the inlet and outlet 
temperatures shows a trend of dropping first and then raising slowly, the lowest values appeared around 
22 February. This is due to the fact that the heat extracted from the soil in the initial heating period was 
much less than that in the middle heating period. With the heat load increasing, the operation time of the 
heat pump was prolonged gradually, and the soil temperature dropped rapidly. After February 22, the heat 
load decreased, and the operation time of the heat pump was also shortened.  
 
Fig.5. Behavior of the system in the heating period 
4. Conclusions 
To apply the GSHP heating system in severe cold areas, the air seasonal thermal storage was added to 
the system using the existing installations. According to the simulation results, the following conclusions 
can be obtained. 
• The GSHPASHS heating system can meet the space heating requirements of a small detached house in 
severe cold area. The COP is above 4 and the ACOP approximate 3. 
• The approximate balance of the soil energy load in a year can be realized by air seasonal thermal 
storage, which is favor to the GSHP operation for long. 
• The GSHPASHS heating system performs the good heating stability and reliability. The indoor 
temperature control contributes to improving the indoor temperature comfort and further saving energy.                      
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